We present results of a multi-site photometric campaign on the high-amplitude δ Scuti star KIC 6382916 in the Kepler field. The star was observed over a 85-d interval at five different sites in North America and Europe during 2011. Kepler photometry and ground-based multicolour light curves of KIC 6382916 are used to investigate the pulsational content and to identify the principal modes. High-dispersion spectroscopy was also obtained in order to derive the stellar parameters and projected rotational velocity. From an analysis of the Kepler time series, three independent frequencies and a few hundred combination frequencies are found. The light curve is dominated by two modes with frequencies f 1 = 4.9107 and f 2 = 6.4314 d −1 . The third mode with f 3 = 8.0350 d −1 has a much lower amplitude. We attempt mode identification by examining the amplitude ratios and phase differences in different wavebands from multicolour photometry and comparing them to calculations for different spherical harmonic degree, l. We find that the theoretical models for f 1 and f 2 are in a best agreement with the observations and lead to value of l = 1 modes, but the mode identification of f 3 is uncertain due to its low amplitude. Non-adiabatic pulsation models show that frequencies below 6 d −1 are stable, which means that the low frequency of f 1 cannot be reproduced. This is further confirmation that current models predict a narrower pulsation frequency range than actually observed.
INTRODUCTION
The high-amplitude δ Sct (HADS) stars are defined as a Population I subgroup of δ Sct type variables. They are located in the central part of the instability strip (McNamara 2000) in the core or shell hydrogen burning stage of stellar evolution and appear to be intermediate between normal δ Scuti stars and classical Cepheids. However, the distinction between HADS and other δ Sct stars is still rather arbitrary (Soszynski et al. 2008) . Their large amplitude, which typically exceeds 0.3 mag, and the presence of many combination frequencies caused by nonlinear coupling between the principal modes are the defining characteristics (Breger et al. 1998) . In general, the HADS appear to pulsate mostly in the fundamental and first overtone radial modes (Balona et al. 2012 ). However, they need not to be purely radial pulsators, since recent studies have shown that some highamplitude modes are nonradial (McNamara 2000; Poretti 2003; Poretti et al. 2011) .
KIC 6382916 (ASAS 194803+4146.9, V = 10.79) was first monitored during the ASAS-3 North station observations and reported as a double-mode HADS star with a period ratio P1/P0 = 0.763 by Pigulski et al. (2009) . The star has also been observed by the Kepler satellite in shortcadence (SC, 1-min exposures) and long-cadence (LC, 30-min exposures) modes (Gilliland et al. 2010; Jenkins et al. 2010) . The Kepler observations are very important as they allow us to fix the frequencies with great precision. We can use these frequencies to fit the multicolour ground-based observations and to determine the amplitudes and phases for the purpose of mode identification.
In this paper, we present results of a multi-site photometric and spectroscopic campaign on the HADS star KIC 6382916 in order to identify the modes of pulsation. Mode identification is the first step in using the frequencies to determine the stellar parameters (asteroseismology). The paper is structured as follows: we first present a detailed description of the ground-and space-based observations including method of data reduction and frequency analyses. Mode identification, which is the main purpose of this study, is presented in Section 6. Finally, we discuss these results.
SPECTROSCOPY
Spectroscopic observations were obtained at two different sites. The first set of spectra were obtained with the 2-m RCC telescope of the Bulgarian National Astronomical Observatory, Rozhen. We observed the star during two nights (2011 July 8 and 9) and in three spectral regions 4800-4910Å (Hβ), 4500-4610Å (Si lines) and 6390-6500Å (Fe lines). A Photometrics AT200 camera with a SITe SI003AB 1024 × 1024 CCD chip (24 µm pixel size) was used in the third camera of the Coudé spectrograph to provide spectra with a typical resolution of R = 32 000 and a signalto-noise (S/N) ratio of about 50. The exposure times were 1800 s. The intrinsic spectral line profile, which halfwidth gave about 9 km s −1 near 6500Å, was determined from the arc spectrum. Standard IRAF procedures were used for bias subtraction, flat-fielding and wavelength calibration.
We also obtained spectra of KIC 6382916 using the WIRO longslit spectrograph with an E2V 2048 × 2048 CCD as detector. An 1800 l mm −1 grating in first order yielded a spectral resolution of 1.5Å near 5800Å with a 1.2 ′′ ×100 ′′ slit. The spectral coverage was 5250-6750Å. Individual exposure times were 600 s. Reductions followed standard longslit techniques. Each spectrum was shifted by a small amount in velocity so that the Na I D λλ 5890, 5996 lines were registered with the mean Na I line wavelength across the ensemble of observations. This zero-point correction to each observation is needed to account for the effects of image wander in the dispersion direction when the stellar FWHM of the point spread function is appreciably less than the slit width. Multiple exposures were then combined, yielding a final S/N ratio typically in excess of 60 near 5800Å.
ATMOSPHERIC PARAMETERS
Model atmospheres were calculated using the ATLAS 12 code. The VALD atomic line database (Kupka et al. 1999) , which also contains Kurucz (1993) data, was used to create a line list for the synthetic spectra. The SYNSPEC code (Hubeny, Lanz & Jeffery 1994 , Krtička 1998 ) was used to generate synthetic spectra adopting a microturbulence of 2 km s −1 . The computed spectra were convolved with the instrumental profile (a Gaussian of 0.2Å FWHM for the Coudè spectra and 1.5Å FWHM for the WIRO spectra) and rotationally broadened to fit the observed spectrum.
The best fit for the Hβ and Hα lines was obtained for T eff = 6950 ± 100 K, log g = 3.7 ± 0.1. We used the Mg II λ 4481Å line for the determination of projected rotational velocity. The match between the synthetic and observed profile resulted in v sin i = 50±10 km s −1 . In Fig. 1 we show the best fit for Hβ together with a fit using two other effective temperatures for comparison.
THE KEPLER PHOTOMETRY
Kepler data were used to derive the frequency content of KIC 6382916. The Kepler Mission, designed to detect Earthlike planets using the transit method (Koch et al. 2010) , was launched on 2009 March 6. Kepler has observed, and is continuing to observe, about 150 000 stars in a fixed field of view. The superb photometric precision and the almost continuous data coverage is of great advantage in determining the pulsational frequencies which can then be used to fit the ground-based data. Kepler observations consist mostly of long-cadence (LC) exposures of 30-min duration, but a few thousand stars, including KIC 6382916, were observed using 1-min (short cadence, SC) exposures.
The LC data are of limited value since the maximum −1 can be detected if they are present. The data were prepared for analysis by cotrending and detrending the Simple Aperture Photometry (SAP) fluxes. The cotrending process was applied to the Q2.3 data using Cotrending Basis Vector (CBV) files which help to remove instrumental systematics from the light curve (Fraquelli & Thompson 2012; Christiansen et al. 2012) . KEPCOTREND 1 package that is provided by NASA Kepler Science Center is used during cotrending process. All data points were converted to magnitudes (mi) using the formula mi = −2.5 log Fi, where Fi is the raw SAP flux. A linear trend to mi as a function of time was removed so that the final magnitudes have zero mean.
We used PERIOD04 (Lenz & Breger 2005) to perform the frequency extraction. Frequencies were extracted by successive prewhitening until the signal-to-noise threshold S/N = 3.5 was reached. All peaks with S/N greater than this value were deemed significant (Breger et al. 2011) . We found that the light curve can be described by two independent frequencies, f1 = 4.9107 and f2 = 6.4314 d −1 , together with their harmonics and a few hundred combination terms. A third independent frequency, f3 = 8.0350 d −1 , is also present but has a much lower amplitude. The amplitude spectrum is shown in Fig. 2 . Apart from f1 and f2, the peaks of highest amplitude are the combination terms f1 +f2 and f2 −f1 and the harmonics 2f1, 2f2. The lowest frequency that appears significant is f2−f1 = 1.520 d −1 . For the calculation of phase differences and amplitude ratios at different wavebands, we only considered the first seven frequencies of highest amplitude. These frequencies and their amplitudes and phases are listed in Table 1 . September (JD 2455719.29-2455804.48) . All data were obtained with either CCD or PMT detectors attached to five different telescopes in the UBVRI photometric bands. A detailed description of the observations is given in Table 2 . The PMT data were only obtained using the 1.25-m telescope equipped with a five-channel photometer/polarimeter at CrAO. Since no U filter was available at BNAO-Rozhen and OAVdA, CCD measurements were ob- tained only in BV RI. Furthermore, the U data from WIRO and CrAO suffers from instabilities due to the poor quality of the data. As a result, the frequencies in the U band could not be properly resolved and therefore we decided to omit the U observations for the purpose of mode identification. All the data sets from different sites were checked carefully and prepared for Fourier analysis by removing outliers caused by bad weather conditions or some other reason. The R and I filters are all of the Johnson/Bessel type except for SPM (Mexico) and CrAO (Ukraine) which are of the Cousins/Kron type. These filter differences have a negligible effect on the resulting amplitude ratios and the phase differences and no specific correction was applied.
GROUND-BASED PHOTOMETRY
Data reduction was performed by following the standard procedures. For the CCD observations, the data were reduced with standard IRAF routines including dark frame, bias subtraction and flat-field corrections for each CCD frame. Data taken with the different instruments were reduced with respect to only one comparison star, GSC 3144 0053, which could be observed in the CCD field at all sites. Instrumental magnitudes were obtained with the DAOPHOT II package (Stetson 1987) for aperture photometry. The PMT data from CrAO were reduced by following the traditional steps of obtaining differential magnitudes, sky subtraction and differential atmospheric extinction corrections using the same comparison star. Finally, the times were converted to Heliocentric Julian Date (HJD).
Since the telescopes and instruments used at the observing stations were not exactly the same, measurements from different sites have different zero points. In order to determine the zero point differences in each filter for each site, we assume that the light curve is well represented by a truncated Fourier series using frequencies derived from the Kepler photometry (Ulusoy et al. 2013) . The Fourier spectrum of the data before prewhitening can be seen in Fig. 3 . Using the first seven frequencies of highest amplitude extracted from the SC Kepler data, the individual zero points for the different sites together with the number of observations are shown in Table 3 . The amplitudes and phases were determined by least-square fitting with the three independent frequencies: f1 = 4.9107, f2 = 6.4314 and f3 = 8.0350 d −1 , the harmonics of f1 and f2 (2f1, 2f2) and the combination frequencies listed in Table. 4. The uncertainities were calculated as the standard deviations of each fitted parameter. The observed light variation of the star in the V filter together with the fitted Fourier series are shown in Fig. 4 .
MODE IDENTIFICATION
Photometric mode identification is based on a comparison of observed amplitude ratios or phase differences with the computed values at different wavelengths. These differences are small and requires photometry of high accuracy. The best results are obtained with pulsations of high amplitude since the relative errors are smaller. With this in mind, we only considered the three independent modes with highest amplitudes in KIC 6382916. The method followed here is described in a previous multi-site campaign reported by Ulusoy et al. (2013) . In order to calculate the amplitude ratios and phase differences in the Johnson/Cousins BV RI system for a given spherical harmonic degree, l, we made use of the FAMIAS soft- ware package (Zima 2008) . This program uses pre-computed grids of non-adiabatic stellar models. The calculations need to be restricted to models in the appropriate range of T eff , log g, stellar mass and metallicity. For KIC 6382916, we computed the amplitude ratios and phase differences in the BV RI bands for spherical harmonic degrees 0 l 3. We adopted the stellar parameters T eff = 6950 ± 100 K, log g = 3.7 ± 0.1 and microturbulent velocity ξ = 2 km s −1 . Using these parameters, the mass of KIC 6382916 is estimated to be M = 1.93±0.27M⊙ from the empirical relations in Torres et al. (2010) . The amplitude ratios and phase differences depend on the stellar parameters. Since the estimated stellar parameters are not very precise, we decided to calculate these values over the range 6800 < T eff < 7200 K and 3.5 < log g < 3.9.
In FAMIAS, theoretical calculations are performed adopting a grid for δ Scuti stars computed with the ATON (Ventura et al. 2008 ) and MAD (Montalbán & Dupret 2007) codes. The uncertainity in the theoretical prediction of the amplitude ratios comes from the uncertainties of the parameters, amplitude, phase, effective temperature and log g (Zima 2008 ) . The observed amplitude ratios and phase differences for f1, f2 and f3 normalized to the B filter are listed in Table 5 . Comparison with the calculated values are shown in Fig. 5 . Also, the relationship between the amplitude ratios, phases and these frequencies are shown in Fig. 6 .
As can be seen from Fig. 5 , the observed amplitude ratios for f1 and f2 agree quite well if l = 1 for both modes. We could not obtain a reliable mode identification for f3 because of its low amplitude, but it appears to be either l = 0 or l = 2. The phase differences f1 agree quite well for l = 1, though for f2 they are intermediate between l = 1 and . Amplitude ratios (left panels) and phase differences (radians, right panels) for f 1 , f 2 and f 3 . The curves are from models with a range of stellar parameters of the best estimated values with a range of stellar parameters of 6800 < T eff < 7200 K and 3.5 < log g < 3.9, and for different spherical harmonic degrees, l (0 l 3).The red (solid) lines indicate l = 0, the green (long-dashed) l = 1, the dark blue (dashed) l = 2 the purple (dotted) l = 3. The models computed for M = 1.90M ⊙ . The black squares represent the observed values with their standard deviations for f 1 , f 2 and f 3 . Table 5 . Amplitude ratios, A/A B , and phase differences, φ − φ B , (radians) for the seven frequencies of highest amplitude. l = 0. Overall, it seems as if f1 and f2 are both dipole modes. The radial mode seems to be ruled out for both modes.
CONCLUSIONS
Analysis of short-cadence Kepler photometry was used to determine the pulsation frequencies in KIC 6382916. We find two large-amplitude independent modes with frequencies f1 = 4.9107 and f2 =6.43137 d −1 as previously reported by Pigulski et al. (2009) from ground-based observations. We found a third independent frequency at f3 = 8.03506 d
which has a much lower amplitude. The frequency spectrum is dominated by f1 and f2 and their harmonics and combination frequencies.
In HADS stars the modes of highest amplitude are generally radial modes since in many stars the period ratio P1/P0 of first overtone to fundamental radial modes is close to the expected value 0.77 < P1/P0 < 0.78. The stars lie on a curve defined by P1/P0 as a function of log P0 which is called the Petersen diagram (Petersen 1973) . The period ratio depends on metallicity, rotation and chemical abundance (Lenz et al. 2008; Suárez et al. 2007) . In KIC 6382916 the period ratio for the two modes of highest amplitude is f1/f2=0.763 which differs significantly from the expected period ratio for fundamental and first overtone radial modes. It therefore seems that at least one of the two modes is probably a nonradial mode. This may not be too surprising since recent studies suggest that the radial mode need not be present in all HADS stars (Poretti et al. 2011) .
To determine the spherical harmonic degree of the three independent modes in KIC 6382916 we first of all need to know the stellar parameters as accurately as possible. For this purpose we obtained high-dispersion spectra and esti- mated an effective temperature T eff = 6950 ± 100 K and log g = 3.7 ± 0.1 by matching the Balmer line profiles with profiles calculated from synthetic spectra. From the effective temperature and surface gravity we estimate the mass as M = 1.93 ± 0.27M⊙. Mode identification is best done by comparing the relative amplitude ratios and/or phase differences in different photometric wavebands for the required mode with the calculated values. For this purpose we initiated a multi-site photometric campaign to observe KIC 6382916 in the BV RI bands. We used the frequencies derived from the Kepler data as fixed values and fitted a truncated Fourier series to the data from each wave band using the seven frequencies of highest amplitude. The resulting amplitude and phases were used to construct the relative amplitudes and phase differences, normalized to the B band, for f1, f2 and f3. We then used the FAMIAS software package (Zima 2008) to calculated amplitude ratios and phase differences for models with stellar parameters approximately corresponding to the spectroscopic values mentioned above. It turns out that f1 and f2 are both dipole (l = 1) modes and that f3 is either l = 0 or l = 2.
If the identification for both f1 and f2 is correct, it calls to mind the case of 1 Mon (Balona & Stobie 1980; Balona et al. 2001) . In this star there are three modes: a central radial mode flanked by two l = 1 modes. In any case it seems that we need to be cautious in attributing the high-amplitude modes in HADS stars as radial modes, though this is probably true in the majority of cases.
It is important to compare the observed frequencies of f1 and f2 with model frequencies for l = 1. However, we are faced with the problem that rotation strongly modifies the frequencies of the l = 1 modes. We therefore need to estimate the possible frequency shift owing to this effect which requires knowledge of the rotation frequency. In some δ Sct stars, it is possible to detect the rotational frequency directly from the periodogram of the Kepler data by looking for the presence of a low-frequency peak and its harmonic. The presence of an harmonic is an indicator that the peak is due to a starspot and hence the frequency is the rotational frequency (Balona 2013 ). Unfortunately, no such peak is visible in KIC 6382916.
The alternative is to estimate the rotational frequency from the projected rotational velocity v sin i = 50 ± 10 km s −1 and the stellar radius. The stellar radius is estimated to be about 3.69±0.14 R⊙ using the relationships by Torres et al. (2010) . If we assume that the star is roughly equator-on, the equatorial rotational velocity will probably be about 50 km s −1 and the rotation frequency around 0.27 d −1 . If the star is equator-on, only sectorial modes will be visible and the frequency shift will roughly be the same as the rotation frequency. Thus we may expect the frequencies in the non-rotating frame to be in the range 4.6 < f1 < 5.2 and 6.1 < f2 < 6.7.
We can compare these frequencies with frequencies calculated from non-rotating models. For this purpose, models of δ Scuti stars with masses in the range 1.3 < M/M⊙ < 2.5 were constructed using the Warsaw -New Jersey code (Paczynski 1970 ). These models use OPAL opacities, no core overshoot and a mixing length, α = 1.0. Pulsation frequencies for each model were obtained using the NADROT code (Dziembowski 1977) . It turns out that all modes with frequencies less than about 6.1 d −1 are stable. One may argue that the rotation frequency is much larger and that the rotation correction would then bring f1 closer to the this value. This argument cannot be correct since this would imply a nearly pole-on orientation, in which case sectorial modes are no longer visible. We are thus faced with the problem that current models are unable to account for driving at the low frequency of f1. Models where f1 and f2 are both present (but with f1 stable) all have 6800 < T eff < 7200 K and 3.78 < log g < 3.88 which is roughly in the range of the values determined from spectroscopy. In the model, frequencies in the range of f1 and f2 are mixed p and g modes of high radial order, but this does not mean that the observed modes are also of this kind since no model is capable of driving these frequencies. The lowest frequency of a p mode for models in the above parameter range is about 8.6 d −1 . They all appear to be g modes of high order. The lowest frequency of a p mode for models in the above parameter range is about 8.6 d −1 .
In conclusion, we find that the two modes of highest amplitude in KIC 6382916 are not only dipole modes, contrary to expectation, but are high-order g modes which are pre-dicted to be stable in the models. Unless the derived stellar parameters are grossly in error, this would imply a problem in our understanding of pulsational driving in δ Scuti stars. We know that there is a problem with the models in that the observed range of instability is wider than the calculated range for δ Sct stars (Balona & Dziembowski 2011) . It appears that the presence of two high-amplitude g modes in KIC 6382916 is further confirmation of this problem.
